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ABSTRACT
The University of Tennessee Green Fee program wanted to find a way to reduce
energy costs in the Hodges Library by load shifting. Several options were investigated
before vanadium redox flow batteries were selected as possibly the best viable option.
The Hodges Library was modeled to compute estimates for the load profile of the library
during on and off peak hours. These loads were then used with the electricity rate
structure to find that there was a potential to save almost $200,000 per year. Several
companies who manufacture these batteries were contacted for pricing and availability of
a battery array that would fit the University’s needs. It was learned that outright
purchasing a battery array would result in a cost that would take 15+ years to pay back
for a battery with a 20 year lifespan.
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CHAPTER ONE
INTRODUCTION AND GENERAL INFORMATION

Project Origins
In August of 2015, the University of Tennessee Office of Sustainability approved
a project for seniors in mechanical engineering to work on for their senior design project.
The project’s goal required finding an energy storage method that would allow the
university to avoid paying demand charges for electricity purchased from the Knoxville
Utilities Board (KUB) during peak demand times for the Hodges Library. This was
requested because electricity costs approximately double the normal rate during peak
periods, as well as incurring a demand charge. An approximation was done in 2012 by
Terry Ledford of UT Facilities Services to see how much the university spent on
powering the Hodges Library assuming a constant peak demand, which can be seen in
Figure 1.1.

Figure 1.1. 2012 University of Tennessee electric bill and Hodges Library electric costs
approximated using peak demand
1

The senior design group investigated three methods of energy storage for the
Green Fee program: vanadium redox flow batteries (VRB), thermal energy storage
(TES), and combined heat and power (CHP). These seniors researched how each of these
methods worked by searching the literature for useful papers and communicating with
companies who produced these products. However, when the group tried to find the
specifics of the library’s power draw, they learned that UT Facilities Services did not
monitor the hourly power consumption of the library; rather UT monitored the monthly
accumulation of power, which forced the group to approximate the library’s hourly
power use. They did this by using properties of heat transfer to approximate the
building’s load with rough measurements of the building’s dimensions and with the
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
standards for other loads for a building of that size (such as occupant, lighting, and
makeup air loads). The first-principals model provided an estimate of the peak load for
the Hodges Library. The MABE seniors took their data and combined it with the
incomplete library power draw information provided by UT Facilities Services. Findings
showed the Green Fee program that the VRB was the only opportunity for the library.
However, the Green Fee program needed more concrete data on how much energy
needed to be shifted and how much money could be saved before committing to
implementing a VRB system. Therefore, one of the students from the senior design group
decided to tackle modeling the Hodge’s Library energy consumption for his Master’s
project.
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CHAPTER TWO
LITERATURE REVIEW
Rejected Energy Storage Possibilities

Thermal Energy Storage
Thermal energy storage is a method of energy storage where a material stores
energy thermally for use later. In most TES systems, the energy needed to cause a
material to change state, known as a material’s latent energy, is used to save energy in a
HVAC system. A TES is unable to cover the entire electric load of a building because it
stores energy thermally. This means that other loads on a building (lighting, computers,
fans, etc.) still need to draw power from the grid. A TES is implemented into a HVAC
system to save energy that is used to specifically power this system, an example of which
can be seen in Figure 2.1 below. This figure shows how CALMAC brand ice tanks
(CALMAC, 2018) and a Trane chiller would be retrofit into the Hodges HVAC system in
order to be utilized to shift loads onto off peak hours. This would work by freezing the
material in the tanks at night to ‘store’ cooling energy, and then melting the material
during on-peak hours in order to ‘discharge’ the cooling energy to the HVAC system
which reduces or removes the centrifugal chillers’ need for external power, which would
cause a significant decrease in the demand charges accrued by the Hodges Library. An
example of an ice storage system being utilized in the field comes from the University of
Arizona, who retrofitted some CALMAC ice tanks into their campus cooling system and
save approximately $38,000 monthly (Tarcola, 2009).

Figure 2.1. Schematic of retrofit latent TES system for Hodges Library.
3

Based on the estimated peak loads of the Hodges Library calculated by the senior
design team, the most savings a TES could provide the library would be about $53,000 a
year from not paying KUB their on-peak costs, which would result of a payback of the
system in just under five years. Unfortunately, there was a glaring issue with this system
which caused it to not be chosen as a viable option for the Hodges Library – storage
space. There was only a small amount of space (8.2m x 12.2m x 4.6m) in the Hodges
basement that could be used for installing equipment for load shifting, and the CALMAC
tanks and Trane chiller greatly exceeded these dimensions. There is no free space near
the library to implement this system, and UT Facilities Services says that the roof of
Hodges is not able to support the TES system. Because there was no other place to put
the TES where it could be retrofit into the library’s HVAC system, TES was ultimately
rejected as a method of load shifting for the Hodges Library.
Combined Heat and Power
A CHP system works by generating power on-site to produce power cheaper than
it can be purchased from a utilities provider during on-peak hours, and by selling excess
electricity to said utility company to help them stabilize the grid. A CHP system also
utilizes the waste heat created by electricity generation for up to three purposes: driving a
desiccant dehumidifier (DD) which can help keep the library dry (necessary to preserve
books), generating steam in a heat recovery steam generator (HRSG) which can provide
steam to other buildings on campus, and running adsorption chillers for more electricity
production that can be used in the Hodges Library. An example of this system can be
seen in Figure 2.2 below.

Figure 2.2. Proposed CHP Design for Hodges Library.
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The best payback period a CHP system could have based on the Hodge’s peak
load calculations and taking annual fuel costs into account was just under eight years, but
all of the different types of equipment required for this system have a combined upfront
cost of $12,500,000. This front loaded cost was one of the two reasons why CHP was
disregarded as a way to save money by dodging demand charges. The second reason is
because the KUB was about to change their policy regarding purchasing power from
locations in such a way that would prevent UT from being able to profit from selling
power to KUB during demand times.

With CHP and TES not being viable options for the Hodges Library, battery energy
storage was left as the only option for load shifting in the Hodges Library.

Batteries as an Energy Storage Medium
Since electricity began to see use in powering society, there has been a demand to
find ways to store electricity for use when and where it was most needed. Batteries are a
common technology used when storing electrical energy, but struggled early on to
efficiently store and discharge electrical power over any extended period of time. That is
why there has been a push over the past decades to create more efficient batteries,
moving away from traditional lead-acid or nickel-cadmium (NiCad) batteries toward
lithium-ion batteries. Lithium-ion batteries were more capable of charging, discharging,
and storing energy than lead-acid or NiCad batteries, and have approximately a 50%
longer system lifetime, (Albright, 2012). Lithium-ion batteries have seen a tremendous
surge in popularity in recent years, being over 95% of the new energy-storage
developments in 2015 (D’Aprile, 2016). This surge in popularity has caused companies
to compete and lower the costs of these systems by nearly 75% between 2010 and 2016
(Curry 2017). Unfortunately, UT was not interested in lithium-ion batteries for a couple
of reasons. First, UT wanted a system that would last longer than the five to ten year
lifespan of lithium-ion batteries (Smith 2017). Additionally, the university did not want
the potential fire risk of a lithium-ion battery in the basement of the Hodges Library
(Eshetu, 2013). Fortunately, a different type of battery has seen an increase in research
and development: redox flow batteries.
Redox flow batteries (RFBs) were first developed in 1974 (Thaller 1974), but
struggled to find industry usage at the time due to engineering challenges including the
corrosiveness of the battery’s fluids and materials needed to make the membranes.
However, in recent years these issues have been addressed (as described below) and
RFBs have begun to see industry usage. Figure 2.3 shows a diagram of a RFB. A RFB
has two tanks which contain electrolyte fluids, a stack of cells that contain membranes
which allows ion-exchange between the fluids, and two pumps which are used to pump
the fluids from each tank past the membrane, and stacks that are comprised of multiple
cells. The battery is charged and discharged by a connection to a power grid while the
pumps move the fluids past the membrane. This allows for the protons in the fluid to pass
5

through the membrane, changing the charge of the fluids which is how energy is stored
and released when charging and discharging the battery. The electrolyte fluid itself is not
consumed during this process, the metal valence ions simply move back and forth
between the fluids (Alotto, 2013), which allows these batteries to have a potential
lifespan of at least 20 years.

Figure 2.3. RFB schematic (Xie 2011).

An added benefit to RFBs as a large-scale energy storage system is how they
deliver power and energy independently of each another. The amount of energy that can
be stored is determined by the total volume of the fluids, while the power that can be
delivered depends on the size of the cell stacks, or more specifically, the amount of
membrane to have ions transferred through. The cell stacks are also able to be modified
in order to handle varying current and voltage demands by arranging the stacks in parallel
or in series, respectively. For example, if a load of 30 kW needs to be covered for three
hours, a system would need a cell stack that can supply 30kW of power and tanks that
can contain enough fluid to store 90 kWh of energy, after losses from having less than
100% efficiency and parasitic loads (such as the fluid pumps) are factored in.
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State of the Art RFB
In the years after their creation, several different types of electrolyte solutions and
membrane materials were tested in order to find a membrane material that could resist
being corroded by the electrolyte solutions. Iron-chromium electrolyte solutions were
used in the earlier flow battery tests, but issues with FeCr cross-contamination (Wang,
2013), gas evolution (Zeng, 2017), and degrading membranes (Alotto, 2013) made this
type of battery to be suboptimal. Eventually, however, scientists found that Nafion, a
Teflon-based fluoropolymer made by DuPont was able to function as a membrane. Once
this material was discovered, new RFB types began to be researched, including vanadium
redox batteries (VRBs), zinc-nickel (ZNFB) (Turney, 2014), and hydrogen-bromine
(HBr) (Singh, 2015). However, of these three, VRBs are presently the most developed
and thus the most common type to be commercially available.
VRBs use an electrolyte solution that consist of vanadium dissolved into sulfuric
and hydrochloric acid (Fan, 2017) and use a Nafion membrane for the cells. The
vanadium solution pairs well with the Nafion membrane, leading to claimed battery
lifespans of at least 20 years (Yang, 2017). A VRB system is also stable enough to only
need yearly maintenance on the pumps. However, vanadium batteries still have some
disadvantages compared to their lithium-ion counterparts. First, vanadium batteries have
an energy density of approximately 50 kilojoules per liter (kJ/L) of solution (CellCube,
2015), while commercial lithium-ion batteries typically have an energy density of nearly
2,000 kJ/L (Son, 2015). Additionally, commercial VRBs have a 70-78% round trip
efficiency (Moro, 2017) compared to lithium-ion’s 83% (Manuel, 2014). This means that
a VRB loses 5-13% more energy due to system inefficiencies.

Field-Validated Vanadium RFB Installations
Gills Onions in Oxnard, CA uses a VRB to lower costs by shifting electricity
consumption from on-peak to off-peak periods (ESA, 2015). Gills Onions has a similar
rate structure to UT’s. Both have a six hour on-peak demand window where there are
demand charges and utility rates that are higher than they are during the rest of the day.
They utilize their on-site electricity generation system to store excess power at night
when the company energy demand is low to use during the on-peak hours when demand
is high. UT would use a VRB in a similar way, purchasing power at night when it is
cheaper. Their system, manufactured by Prudent Energy, consists of three 200 kW
modules to provide six hours of energy through the on peak hours and has saves an
estimated $100,000 per year (ESA, 2015).
Another VRB system being utilized in a manner similar to how UT wishes to use
one is an air conditioning system at Fort Leonard Wood, Missouri. A Prudent Energy
20kWh system (rated to discharge 5kW hourly for four hours) was installed to supply
power to their HVAC equipment, and field data was analyzed to see how the VRB
7

behaves in a microgrid system and to document its response time. A six kW photovoltaic
array powered the HVAC system during the day with excess power being stored in the
VRB, which was discharged to power the system at night or times of low sunlight. It was
found that the VRB could respond to changing loads in milliseconds (Qiu, 2014). This
fast response time shows that a battery installed in the Hodges Library would be able to
respond quickly to the dynamic loads created by the HVAC equipment in the library.
The design constraints of the Hodges Library made finding a usable energy
storage system challenging, but once a VRB system was decided on, the load profile of
the Hodges Library needed to be found. As the on-peak power consumption of the library
was not available from the university, modeling software needed to be found in order to
simulate the loads that the Hodges Library. This software needed to be able to handle a
building the size and shape of the library, as well as incorporate the proper fundamentals
of building science to accurately model the building.
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CHAPTER THREE
MATERIALS AND METHODS

Finding a Software to Model Hodges Library
Many different building simulation tools were investigated to see which would be
able to accurately model the Hodges Library, including Building Energy Optimization
(BEopt), Revitt, and the Building Cooling Heating and Power (BCHP) screening tool, but
none of these options was able to adequately handle a building of both the size and nonstandard shape of the Hodges Library. Eventually however, three different programs were
found that could work together modeling the library with an acceptable degree of
accuracy. A software called SketchUp was used to geometrically model the library, then
the DOE flagship code OpenStudio was used to read the geometric model and describe
the building properties (wall insulation, HVAC systems, occupant loads, etc.). Finally,
EnergyPlus used weather data for Knoxville, TN and simulated an average year of loads
for the Hodges Library and computed the peak loads needed to properly size a VRB.

Formulation of Input for OpenStudio Model
When using a program like OpenStudio to model a building, it is important to
know the fundamentals that the program is utilizing to calculate the building loads in
order to accurately input the data the software needs to simulate the building. When
investigating a program to model the Hodges Library, the software was checked to see if
it follows the fundamentals of heat transfer. The first fundamental that was checked was
how the program handled heat transfer through parallel paths. When heat flows through a
surface that is not uniform in composition, such as a wall with studs and insulation, some
heat flows through each of the available paths. The amount of heat through each path is
determined by the resistance of the materials and the face area of the studs versus the face
area of the insulation normal to the direction of heat flow. By finding the ratio between
these two areas, or the frame factor, the overall resistance of the wall can be found by an
area weighting of the two heat transfer paths. An example of this for the Hodges Library
can be seen in Table 3.1 below, where the materials that make up the library walls were
provided by UT Facilities Services and compiled by Dr. William Miller. Some materials
have their resistances well documented, while others have their conductivity documented
and need to be combined with their thicknesses in the wall in question in order to find the
resistances, which is why only brick, gypsum board, and the fiberglass batt insulation
have their conductivity filled in. ASHRAE values of material resistance and conductivity
were used in Table 3.1. Figures A.1 and A.2 in the appendix show an example of the
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library’s parallel path system through a wall and the resistance diagram that is used to
accurately represent parallel path heat flow in a 2D model of the library’s wall
respectively.
Table 3.1. Hodges Wall Parallel Path example

Film Coefficient
Plaster
Gypsum Board
Fiberglass Batt
Wall Studs (2 by 4)
(Steel)
Plywood Deck (¾ in)
Vapor Seal, Plastic film
Brick (hollow backed)
Film Coefficient 15 mph
Path Resistance
Path U Coefficient
Frame Factor (f)
Overall U
Total resistance

Thickness
in

Conductivity
Btu-in/(hr ft2 oF)

0.376
0.625
3.500

1.1
0.32

Resistance
(hr ft2 oF)/Btu
0.68
0.32
0.57
11

3.500
0.750
0.001
3.750

5

Insulation
Stud Path
Path
(hr ft2 oF)/Btu
0.68
0.68
0.32
0.32
0.57
0.57
11

0.70
0.93

0.70
0.93

0.93

0.0
0.75
0.17

0.0
0.75
0.17
4.1
0.24
0.063

0.0
0.75
0.17
14
0.07
0.94
0.08
12

Heat transfer through windows was investigated after verifying that the software
handled parallel path correctly by comparing the modeled and measured total resistance
values of the walls of the library. When dealing with windows, there are a couple of
factors beyond parallel path that need to be considered with regards to heat transfer. One
is the solar heat gain coefficient (SHGC), which is a number between 0 and 1 that
indicates how much solar heat is transmitted through a window. Solar heat refers to that
portion of the electromagnetic energy in the visible spectrum. Windows with a SHGC
near one allow most of the sun’s heat through which is ideal for cold climates, while
warmer climates favor a smaller SHGC to prevent as much heat as possible from being
transmitted into the building. The equation for this coefficient is seen below for a triple
pane window in equations 1-4.
𝑁

𝑝𝑙𝑎𝑡𝑒𝑠
𝑆𝐻𝐺𝐶 = 𝑇𝑠𝑜𝑙 + ∑𝑖=1
𝐴𝑏𝑠(𝑖) ∗ 𝑁𝑖

(1)

where
𝑁1 =

𝐿
𝑘

𝑅𝑜𝑢𝑡 +.5∗( )

𝐿

𝑁2 =

(2)

𝑅𝑡𝑜𝑡
𝐿

𝑅𝑜𝑢𝑡 +( )1 +𝑅𝐺𝑎𝑝1 +.5∗( )2
𝑘
𝑘
𝑅𝑡𝑜𝑡
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(3)

𝐿

𝑁3 =

𝐿

𝐿

𝑅𝑜𝑢𝑡 +( ) +𝑅𝐺𝑎𝑝1 +( ) +𝑅𝐺𝑎𝑝2 +.5∗( )
𝑘 1
𝑘 2
𝑘 3
𝑅𝑡𝑜𝑡

(4)

Where Tsol is the solar transmittance of the glazing on the window in question, L
and k refer to each pane of the window’s thickness and thermal conductivity respectively,
the R values refer to the resistances of the outer glazing, the gaps between panes, and the
system’s total resistance (respective to the subscripts out, gap, and tot).
Another factor that was investigated was the heat gain of the windows from shortwave radiation (beam component of solar irradiance), a portion of which being absorbed
energy in the glazing is converted to long-wave radiation (Eq. 5). As the solar radiation
goes through the window, some is reflected, some transmits through the window as noted
by the SHGC, and the rest is absorbed by the glazing layers (panes of glass) and then
transferred into the building as long-wave radiation. If the energy absorbed is treated as
heat generation, the governing equation for this can be seen below.
0=

𝛿2 𝑇
𝛿𝑥 2

+

𝑞′′′

(5)

𝑘

In equation 5, k is still the glazing’s thermal conductivity, q’’’ is the volumetric
𝛿2 𝑇

heat generation rate (W/m3), and 𝛿𝑥 2 is the second derivative of temperature in the
glazing with respect to the x-position in the glazing. With this equation and the given
statements below (6-8), the temperature profile can be solved for (9).
𝑇𝑏 = 𝑇(𝑥 = 0)

(6)

𝑇𝑓 = 𝑇(𝑥 = 𝐿)

(7)

𝑆

𝑞′′′ = 𝐿
𝑇(𝑥) =

−𝑠∗𝑥 2
2𝐿𝑘

(8)
𝑇𝑓 −𝑇𝑏

+(

𝐿

𝑠

+ 2𝑘) 𝑥 + 𝑇𝑏

(9)

Tb and Tf are the temperatures of the glass on the sides where the heat flow starts
and ends respectively, L is the length of the glass, s is the energy absorbed by the glass
(W/m2), and x is the position of the glazing. Using Fourier’s Law (10) at both ends of the
glass and plugging (9) into it, the heat flux (q) crossing the exterior and interior glazing
can be computed.
𝑑𝑇
𝑞𝑥 = −𝑘 𝑑𝑥 |𝑥
(10)
Figure 3.1 shows a window with ‘N’ panes and how solar radiation is transmitted
‘T’, reflected ‘R’, and absorbed ‘A’. The superscript ‘f’ refers to the side of a pane that is
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closest to the outside while ‘b’ refers to the side closest to the inside. This is the figure
used in the 2010 EnergyPlus engineering reference document showing how a window is
modeled in EnergyPlus, and since most windows in Hodges are double-paned, the value
of N used was two.

Figure 3.1. Solar radiation interaction with a window of N panes.
The last fundamental investigated was the number of air changes per hour (ACH)
of the building. As the name implies, the ACH is the number of times the entire volume
of air in a building is cycled outside of a building in an hour, and is given by equation 11
below.
𝑄
𝐴𝐶𝐻 = 𝑉
(11)
Q is the volumetric flow rate of air into the building (m3/h), and V is the volume
of the building (m3). It is better for this number to be low as the more outside air brought
in, the more the HVAC system must work to maintain the inside temperature. However,
some air exchange is inevitable since the building is not sealed. Also, some air change is
needed to bring in fresh air, remove odors, etc. The exterior air pressure is included in
the weather data used in modeling the library, while the interior air pressure is taken from
an ORNL file used when approximating building parameters that are similar to large
office buildings. The volume of the building was factored in by the building model itself,
while the model uses the pressure differential between the inside and outside of the
building to find the volumetric flow rate. An example of this relationship can be seen
below in Figure 3.2.As the difference between interior and exterior pressure increases,
the more that nature tries to assert equilibrium by increasing the air flow from the high
pressure area to the low pressure area, which results in the linear relationship between the
two seen in Figure 3.2. ASHRAE has standards for the volumetric flow rate that all
buildings must follow, which made it trivial to go into OpenStudio and input the flow
rate. This, combined with the volume of the library from the model, allowed OpenStudio
to calculate the ACH of Hodges.
12

Figure 3.2. Example relationship between pressure difference and volumetric air flow.

HVAC System Utilized by Hodges Library
The Hodges Library has two 500 refrigerant ton capacity (Trane) chillers, and any
software used to model the Hodges Library needed to be able to accurately model chillers
of this capacity and how they cooled the library. The two chillers operate by compressing
a gas (refrigerant 134A) into a high pressure and temperature state, before it is cooled and
condensed by a condenser that uses a cooling tower on the roof of the library to dissipate
the heat of compression and the heat gained in the evaporator. The condensed and
subcooled refrigerant fluid is throttled through an expansion valve before going through
an evaporator to chill water. The refrigerant gains heat in the evaporator and returns to a
gaseous state before entering the centrifugal compressor to complete the cycle.
The chilled water coming from the evaporator is pumped through an air-to-water
heat exchanger in an air handler. The air-to-water heat exchanger chills and dehumidifies
air that is returned from the conditioned spaces of the library. This supply air is then
moved to the various floors and rooms of the library, and just before the air leaves the
ventilation system, a reheat system adjusts the temperature of the supply air so it will be
able to heat or cool the room as needed based on the room’s thermostat. Finally, air is
then taken from the conditioned spaces and returned to the air handler where the cycle
begins again. Figure 3.3 shows this process below. This system and the specifications for
the Trane chillers were input into the OpenStudio model for the Hodges Library.
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Figure 3.3. A diagram showing how the HVAC system works in the Hodges Library.

Input for the OpenStudio Model
When attempting to acquire the blueprints for the library to begin modeling it, it
was discovered that UT did not have accurate blueprints of the library. The only
blueprints that were available were decades old from when the building was originally
built as seen in Figure 3.4. This meant that another way of finding the dimensions of the
building needed to be found. Upon investigation, it was determined that Oak Ridge
National Laboratory (ORNL) was working on modeling buildings in OpenStudio using
satellite imagery. Fortunately, ORNL had modeled the UT campus as a demonstration of
their ability to model groups of buildings, and was willing to share the file that not only
contained the geometry of the building, but also included most of the building data
needed to run the finished product in EnergyPlus. However, the file provided contained
some geometric inaccuracies, and needed some modifications in order to correctly
represent the library. To correct the inaccuracies of this model, a top down image of the
building was taken from Google Maps and put into the video editing software GIMP. The
pixel length of the map scaling was found, and the ratio of 104 pixels in the image
equaling fifty feet in actual space was used to correct the inaccuracies of ORNL’s file.
This was done because it was more effective to modify the ORNL model of the library
than to build the model in SketchUp.
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Finishing the Library Model
After the shell of the building was completed, the windows, doors, and open
spaces between floors needed to be modeled and added in SketchUp before the model
could be fleshed out in OpenStudio. To accomplish this, each floor of the Library was
measured to find the dimensions of each window and door in the building and where they
were located on each exterior wall. The open spaces in the lower levels of the Library,
which allow for air mixing between floors (specifically the ground through second floor),
were measured to accurately be represented when the building’s peak load was
calculated. The final model and some intermediate steps taken to reach that point can be
seen in the appendix.

Figure 3.4. An example of the blueprints provided of the Hodges Library, missing three
additional floors and other changes made since the building was originally built.
Once the SketchUp model was complete, the model was imported into
OpenStudio. Once there, the building details that were discussed earlier in this section –
such as the overall thermal resistance of the walls and the HVAC system – were
compared to the ORNL large office building model that ORNL used for their original
satellite model of Hodges. Fortunately, many aspects of ORNL’s large office building
model were in line with the calculated data for the Hodge’s library, such as the overall
resistance found in Table 3.1 being very close to what ORNL’s model says a large office
building should be. The ORNL large office building model was then modified with
information on hand about the Hodges Library, such as Hodges having two refrigerant
chillers as opposed to the one in the ORNL model. This new updated model was then run
in EnergyPlus in order to find the electricity consumed by the Hodges Library.
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CHAPTER FOUR
RESULTS AND DISCUSSION

Validating the OpenStudio Model
Once the model was completed, the data gathered needed to be benchmarked
against the data that was available from the Hodges Library. UT Facilities Services
provided the total kilowatt-hours consumed by the library for each month from 2015
through 2017. The average of the energy consumed each month for the three years was
compared to the EnergyPlus model’s results and can be seen in Table 4.1 below. Note
that months denoted by an asterisk had one of their three years of data approximated by
the head of UT Facilities Services, and that all values found from the EnergyPlus model
were rounded to two significant figures. The average percent error between the modeled
and recorded data comes out to be 8.8%, which shows that the model is highly accurate,
although the outlier of July showing a 24.72% margin of error looked concerning at first.
However, when the data was investigated closer, it was found that 2015 had an
abnormally low energy usage for that month, where it only consumed 212,000 kWh,
compared to 2016 and 2017 where it consumed 321,000 and 346,000 kWh respectively.
Removing the 2015 outlier, the percent error for July drops by over ten percent to
14.32%, lowering the error to 7.93%, which is in-line with the other months.
Table 4.1. Comparison of the Library’s Recorded and Modeled kWh Usage
Month
January
February
March
April
May
June
July
August
September
October
November
December

Average Recorded kWh (2015-2017)
239,927
270,189
281,317
253,697
353,836
331,109
292,921
396,757
319,590
341,070
304,947
299,326

Modeled
kWh
280,000
260,000
290,000
280,000
330,000
360,000
390,000
400,000
330,000
310,000
280,000
280,000

Percent
Error
15%
5.5%
4.4%
9.1%
8.2%
8.4%
25%
1.2%
2. 7%
12%
7.4%
7.6%

Calculating the Potential Savings with Load Shifting
Once the validity of the Hodges model was confirmed, UT Facilities Services
provided the electricity rates they are charged by KUB, as seen below in Figure 4.1. UT
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Facilities Services provided the average base rate of electricity which can be seen in the
green sections in Figure 4.1. In order to calculate the potential savings from load shifting
the Hodges Library, two rates needed to be found: the base costs of the electricity (the
$/kWh values in the yellow and green sections), and the peak demand charges (the $/kW
values seen in the yellow sections during the day).
In order to find the potential savings from the base electrical costs of the library,
the total kWh consumed during every six hour peak demand window each month was
found. This value was then subtracted from the modeled monthly kWh in order to find
the off-peak total kWh consumption each month, seen in Table 4.2 below. Then, the
dollar per kWh rates for each month’s off-peak and on-peak loads were multiplied by the
kWh consumed during peak demand times for each month, finding the amount spent each
month for energy during peak demand times and how much would be spent for the same
amount of energy consumed with the off peak rates. The differences between these two
values is the total amount that could be saved from the base electrical costs, which comes
out to approximately $50,000, and can be seen in Table 4.3.

Figure 4.1. University electricity rate structure with on-peak hours in yellow and offpeak hours in green.
Per University of Tennessee Facilities Services, the demand charge paid to the
KUB each month is found by applying the peak demand rate to the maximum kW that
occurs during the peak time periods during that month. As such, the maximum power
consumption in kW during the peak demand times each month was taken from the
OpenStudio simulation and multiplied by that month’s demand rate to determine the
demand charges. For example, if the peak consumption during on peak hours in June was
1000 kW, that value would be multiplied by the $10.41/kW rate from figure 4.1 for a
17

Table 4.2. Monthly On-Peak and Off-Peak kWh consumed by the Hodges Library
Month
January

Monthly
kWh
280,000

On-Peak
kWh
84,000

Off-Peak
kWh
200,000

February

260,000

76,000

180,000

March

290,000

85,000

210,000

April

280,000

88,000

190,000

May

330,000

110,000

220,000

June

360,000

120,000

240,000

July

390,000

120,000

260,000

August

400,000

130,000

270,000

September

330,000

110,000

220,000

October

310,000

99,000

210,000

November

280,000

80,000

200,000

December

280,000

82,000

200,000

Table 4.3 Monthly and total savings in base operating costs from load shifting
Month
January

On-Peak
Base Costs
$7,100

Off-Peak
Base Costs
When On Peak
$3,700

On-Peak Shift
Base Cost
Savings
$3,400

February

$6,400

$3,300

$3,100

March

$7,200

$3,700

$3,500

April

$6,200

$3,800

$2,400

May

$7,500

$4,600

$2,900

June

$11,000

$4,900

$6,300

July

$12,000

$5,100

$6,700

August

$12,000

$5,300

$6,900

September

$10,000

$4,400

$5,800

October

$7,000

$4,300

$2,700

November

$5,800

$3,500

$2,200

December

$7,000

$3,600

$3,400

Total

$100,000

$50,000

$49,000
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demand charge of $10,410 in June. The sum of the demand charges for every month
comes out to about $110,000, as seen in Table 4.4.
Adding the total potential base cost and demand savings together shows the total
amount that could be saved per year by shifting the Hodges peak demand electricity
needs to off-peak hours to be roughly $162,000 per year. For comparison, the total
electric bill for the Hodges Library (found by summing the total base on and off-peak
operating costs and the demand costs) comes out to be roughly $320,000 per year, as seen
in Table 4.5. This means that the university could save about half of the Hodges Library’s
electricity bill by load shifting with a VRB.
Table 4.4. Monthly and total savings in demand costs from load shifting.
Month
January
February
March
April
May
June
July
August
September
October
November
December
Total

Monthly
kW
Maximum
750
790
840
900
950
1000
1200
1110
1000
890
820
830
11000

Hodges
Demand
Costs
$7,000
$7,600
$8,000
$9,4000
$9,9000
$11,000
$12,000
$12,000
$10,000
$9,200
$7,900
$8,000
$110,000

It should be noted at this point that there is another demand charge placed upon
the Hodges Library, the maximum demand charge (the $5.43 rate at the top of Figure
4.1). This is calculated by multiplying the maximum kW consumed by the Hodges
Library at any point in a month by the maximum demand rate. However, because the
maximum power consumption is not reliable during the peak hours, this value was
deemed insignificant to the overall cost savings by Terry Ledford of UT Facilities
Services.

Sizing a Vanadium Battery for the Hodges Library
In order to approach a VRB company for how much a battery would cost, the
precise amount of energy that the battery would need to hold needed to be calculated. In
order to find the maximum load that a VRB would need to hold and shift to completely
cover the Hodges Library, the maximum energy demand during a peak load time was
computed using OpenStudio. This number was found to be 5,294 kW over a six hour
period. This number was then rounded up to 5.5 megawatt (MW) over a six-hour period
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(or 917 kW discharged each of the six-hours of peak demand) to cover times when the
library used more electricity than the OpenStudio modeled for some reason, such as a
month of aberrant weather. If the university is able to utilize the excess energy stored by
the library’s VRB to cover some of the operating costs for other buildings, then the base
cost savings increase to just under $82,000 per year as seen in Table 4.6 below. This
combined with the $110,000 per year of savings from Table 4.4 would bring the total
annual savings to approximately $192,000 dollars per year.
Table 4.5. Total electricity costs for the Hodges Library
Month

Total
Operating Costs

Hodges
Demand Costs

Hodges Total
Electric Bill

January

$16,000

$7,000

$23,000

February

$14,000

$7,600

$22,000

March

$16,000

$8,000

$24,000

April

$14,000

$9,4000

$24,000

May

$17,000

$9,9000

$27,000

June

$21,000

$11,000

$32,000

July

$23,000

$12,000

$35,000

August

$23,000

$12,000

$35,000

September

$19,000

$10,000

$30,000

October

$16,000

$9,200

$25,000

November

$14,000

$7,900

$22,000

December

$16,000

$8,000

$24,000

Total

$210,000

$110,000

$320,000
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Table 4.6. Maximum potential base operating cost savings
Month
January
February
March
April
May
June
July
August
September
October
November
December
Total

Max kWh
Per Month

Max On-Peak
Base Costs

Max Off-Peak Base Costs
When On Peak

Max On-Peak Shift
Base Cost Savings

170,000
150,000
170,000
165,000
170,000
165,000
170,000
170,000
165,000
170,000
165,000
170,000
2,000,000

$15,000
$13,000
$15,000
$12,000
$12,000
$16,000
$16,000
$16,000
$16,000
$12,000
$12,000
$15,000
$170,000

$7,500
$6,800
$7,500
$7,100
$7,400
$6,800
$7,000
$7,000
$6,800
$7,400
$7,100
$7,500
$86,000

$7,000
$6,300
$7,000
$4,500
$4,700
$8,800
$9,100
$9,100
$8,800
$4,700
$4,500
$7,000
$82,000
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

Pricing a Vanadium Battery for the Hodges Library
When researching about VRBs during the senior design stage of this project,
many experts in the VRB industry were contacted to learn more about this technology.
Unfortunately, only 3 of these companies are still in the VRB business today: redT
energy storage, Vionx Energy, and UniEnergy Technologies (UET). Each of these
companies was approached with the scale of the VRB that would be needed to
completely cover the Hodges Library. Industry experts claimed that a battery of the size
requested for the Hodges Library would have an upfront cost of approximately
$2,500,000. This meant that the return on investment (ROI) of this battery covering the
Hodges loads would be almost fifteen and a half years out of its twenty year lifespan, and
this is before taking in shipping, installation, and other fees, which would add another
three years to the payback period according to the experts, which would result in a total
savings of $310,000 over 20 years at best. Even taking the best case cost saving scenario
outlined in Table 4.6 would only decrease the ROI to between fifteen and sixteen years,
making the profit gained in this venture approximately $776,000.
Unfortunately, scaling back the size of the battery does not do much to improve
the ROI. According to experts in the VRB industry, the average cost of a battery right
now is $500-$800 per kWh. Due to this linear scale of cost per kWh, a smaller battery
will provide a similar ROI to the 5.5 MW battery due to how linear saving base operating
costs and shaving demand costs are, as seen in table 5.1.
Table 5.1. Return on Investment with different battery sizes
Total Size of
battery (kW)

Total Cost of
the Battery ($)

Base
Operating
Cost Savings

Demand Cost
Savings

Total
Savings

Return on
Investment
(Years)

500

$250,000.00

$7,400

$10,000

$17,000

14.31

1000

$500,000.00

$15,000

$20,000

$35,000

14.31

2000

$1,000,000.00

$30,000

$40,000

$70,000

14.31

3000

$1,500,000.00

$45,000

$60,000

$100,000

14.31

4000

$2,000,000.00

$60,000

$80,000

$140,000

14.31

5000

$2,500,000.00

$75,000

$99,000

$170,000

14.42
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Recommendations for Future Work
While the potential cost savings of outright purchasing a vanadium redox battery
for load shifting in the Hodges Library may not be cost efficient, experts in the industry
recommended inquiring about groups that sell energy storage as a service as opposed to
purchasing a VRB outright. They claimed that groups like Stem Inc., Demand Energy,
and Growing Energy Labs, Inc. (Geli) not only already own various battery systems, but
also are able to take advantage of various tax incentives to make installing and
maintaining these systems more affordable. These types of companies also earn their pay
from the cost savings their VRB systems provide groups like the University of
Tennessee, which would allow the University of Tennessee to avoid the steep upfront
cost of outright purchasing a VRB. If the university could gain federal incentives to help
offset the costs of a VRB to levels needed for a five or ten year ROI, as seen in Table 5.2
below, then using this technology would be much more economically viable.
Table 5.2 Return on Investment with different battery costs
Total Size
of battery
(kW)

Total Cost of
a $500/kWh
Battery ($)

Return on
Investment
(Years)

Total Cost of
a $350/kWh
Battery ($)

Return on
Investment
(Years)

Total Cost of
a $175/kWh
Battery ($)

Return on
Investment
(Years)

500

$250,000.00

14.31

$170,000.00

10

$85,000.00

5

1000

$500,000.00

14.31

$350,000.00

10

$180,000.00

5

2000

$1,000,000.00

14.31

$700,000.00

10

$350,000.00

5

4000

$2,000,000.00

14.31

$1,400,000.00

10

$700,000.00

5

If the University of Tennessee wishes to continue to pursue load shifting in the
Hodges Library, the most important step to take would be to have the hourly power usage
of the Hodges Library recorded. For this project, meters were purchased in order to better
validate the OpenStudio model and have more accurate savings. While the library model
is over 90% accurate when comparing the monthly loads modeled and recorded, having
hourly recorded loads to compare the model’s hourly loads with has the potential to
improve this accuracy even further. However, by the time UT Facilities Services was able
to install the meters purchased for this project, there was not enough time to record even
one season’s worth of hourly power consumption for the library. Fortunately, the meters
have all been installed and are almost ready to start recording the power consumption of
the library.
However, any attempt to load shift in the library runs into the problem of the
space available. There just is not much room to install any equipment to retrofit the
library for demand load shifting. A better way to save money through load shifting would
be to take advantage of all of the new construction being done on campus and designing
some of the new buildings to take advantage of battery storage or thermal energy storage.
With these systems and energy efficient building design, the university could potentially
find the cost savings they are looking for. Alternatively, Terry Ledford of UT Facilities
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Services has mentioned five substations that are used for heating and cooling the
university. If space can be found to install a thermal energy storage system, such as ice
maker heat pumps, the potential energy savings would likely be able to cover the
equipment costs within a few years based on the rough return on investment calculations
done by the senior design group.
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Figure A.1. Drawing showing heat flow through the library walls through the stud and
fiberglass insulation paths.
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Figure A.2. Resistance diagram used to accurately model the heat flow through the
system shown in Figure A.1 (Note that the lines in between the temperature nodes are
there to help label them and not there to imply any cross-connections between the nodes).
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Figure A.3. Google Maps image used to find the perimeter of each of the floors in the
Hodges Library.

Figure A.4. OpenStudio/SketchUp Hodges model provided by ORNL.
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Figure A.5. Hodges Model with the floors accurately represented.

Figure A.6. Completed Hodges Model.
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